Abstract Basically, the main function of the cardiovascular system is to provide oxygen and other nutriments to the tissues, achieved by the pumping action of the heart and the subsequent blood flow through the tree-like vasculature. Classically, in the physical and mathematical analysis of the relationship between form and function of vascular systems, form is given first. The constructal theory, first proposed by Adrian Bejan in 1996, is a thermodynamic principle according to which flow systems, such as watersheds and vascular networks, evolve so that they gain more global performance over time. There are two major points about the constructal theory. The first one is that it provides a unifying concept of form and function, in which the configuration is not postulated, but is to be discovered. The second one is that it is presented as a unifying physical concept of evolution of organic and inorganic flow systems. By comparing non-living (watersheds) and living (vasculature) systems, we show that the processes of morphological "change upon time" in watersheds and those of developmental morphogenesis and evolutionary modifications through generations in a population are not equivalent. Mechanistic explanations in biology include physico-mathematical models but, from the biological point of view, the epistemic value of the constructal law is not its unifying power by subsumption of biological processes under a general nomological principle, but, to the contrary, to provide an idealized physicomathematical model of living systems that is embedded in general mechanistic explanatory frameworks of biological processes such as development and evolution.
Introduction

Form and function of vascular networks
The cardiovascular system is a canonical example of ascription of a biological function. Since William Harvey's book publication in 1628 1 , in which he evidenced the existence of the circulation of the blood in the vessels, the structure and the functional properties of the vasculature has been extensively studied. Basically, the function of the cardiovascular system is to ensure fast transport of matter and energy, and, in particular, to provide oxygen and other nutriments to the tissues, achieved by the pumping action of the heart and the subsequent blood flow through the vasculature. Oxygen delivery to the tissues occurs via two combined mechanisms, oxygen transport via blood convection throughout the arterial, capillary and venous networks [i] , and oxygen diffusion through the capillary walls to the mitochondria within the cells, where oxygen is used by the aerobic process of energy production 2, 3 . According to its function, as identified by biologists, the functional efficency of the vasculature, i.e., the properties of the system that determine the flow rate of oxygen delivered to the tissues, has been analyzed in physical terms: fluid mechanics and the physical properties of the blood, solid mechanics and the properties of vessel walls, laws of diffusion, allometry, etc. Physiological textbooks have usually a summary of the basic physics of circulation 3 , and specialized textbooks are dedicated to the biomechanics of the circulation 4, 5 .
Functional analysis of vascular networks based on their physical properties should also consider their structures. Taken altogether, the total length of the vessel segments in a human body is around 100 000 km. These segments and their connections form a highly hierarchical structure, similar to that of a tree and its branches. The morphological analogy between the branched organization of blood vessels and trees had been noticed by early physiologists such as Jean Fernel, even prior to the discovery of blood circulation by William Harvey 6, 7 . Despite the differences between a tree and a vascular network, and the interindividual variations in their detailed geometry, all these structures share a common kind of pattern, based on the fact that they are multiscale branched structures. These patterns can be found not only in living systems such as vasculatures, bronchial arborescences, trees and branches, but also in non-living systems such as river basins.
Beyond angiology, the anatomical description of the vessels, several mathematical concepts and tools have been used to grasp the apparent complexity and variability of the vascular networks and to provide a quantitative characterization of their patterns. The Strahler number, which is a numerical measure of the branching pattern of a mathematical tree, has been used to provide a rankordered topology of the vasculature. Interestingly, this mathematical tool was first developed in hydrology for the analysis of river networks 8 , and later used for the analysis of biological hierarchical patterns such as respiratory and vascular systems [9] [10] [11] [12] [13] . The emergence of fractal geometry has also provided a mathematical concept initially applied to non-living systems but quickly extended toward life sciences 14, 15 . Actually, biological structures are not pure fractals, but, in a given range, may exhibit fractal properties, i.e., exhibit the same design at different scales. Whether a given network has fractal characteristics should not be taken a priori, but as a hypothesis that requires empirical validation. An abundant literature has been devoted to the fractal properties of biological features (see, for a review, Losa 15 ), among them the pattern of the vascular network 10, 13, 16, 17 , which have been described as a combination of scale-invariant and scale-specific patterns17. What it is important to notice is that these kinds of structural analysis of vascular networks are grounded on physicomathematical concepts and tools.
The combination of these mathematical descriptions of the pattern of the circulatory system with the biomechanics of the circulation have been done to provide physical interpretations of the functional capacity of the vascular system (see for example 13, 18, 19 . Two interesting remarks can be done about this way to analyze the vascular system. First, the mathematical and physical methodology and concepts used for such an analysis are not specific to biological systems. In particular, it seems that it exists a deep analogy, both in pattern and functionality, between non-living systems, like hydrologic basins, and living ones, like vascular networks, throughout which flows a fluid. For example, the Strahler order had been initially developed for the analysis of watershed morphology, and applied later to airway and vascular networks. Second, in the combination of form and function, the pattern of the structure is given first, and not understood as the consequence of the flow of the fluid throughout the system, as illustrated by the methodology explained by Fung:
"As usual, we shall start with anatomy, then proceed to the mechanical properties of the tissues, and finally, to system dynamics. The importance of the subject is unquestionable because the whole purpose of the heart and arteries is to carry blood to the capillaries to nourish the cells of the body." 
The constructal theory
The constructal theory, first proposed by Adrian Bejan in 1996, is a thermodynamic principle according to which flow system, such as watersheds and vascular networks, evolve so that they gain more global performance over time [20] [21] [22] . Based on the principle of global optimization, i.e., minimization of the entropy generation, of local constraints, the principle of the constructal theory is, according to its author, as follows 21 
: "Constructal theory is the view that the generation of flow configuration is a universal phenomenon of all physics. […] This law is about the necessity of design to occur."
According to Bejan, the constructal law is the last of the three laws of thermodynamics, to each of which he attributes a self-standing tendency in nature: energy conservation for the first one, irreversibility for the second one, and evolution for the third one the so-called constructal law, which he himself summarizes 23 : "For a finite-size flow system to persist in time (to live) it must evolve freely such that it provides greater access to its currents."
There are two major points about the constructal theory. The first one is that it provides a unifying concept of form and function. Contrary to Fung's methodology, form is not given first 23 :
"We did not postulate the configuration: in fact, in the physics of evolution the configuration is unknown […] In the physics of evolution, the boundaries (the drawings) are to be discovered".
The constructal law hence predicts the evolution upon time of the pattern of a flow system to the least imperfection, i.e., the design of the system that provides minimal global resistance to the flow. The emergence of some morphological characteristics, such as the fractal structure of watershed, vessel networks, airway tree is, according to the constructal theory, the thermodynamical consequence of flow.
"Organization of the real (system) scale appears to be a collage of the same design from smaller scales. This is an appearance, but its basis is physics, and it has nothing to do with fractal geometry. It has everything to do with flow and the free morphing of architecture toward greater access". 23 The constructal theory has been applied to a variety of systems, including biological flow systems like the Mammalian bronchoalveolar lung 24 and several
Mammalian circulatory networks
[ii] [25] [26] [27] . Recently, based on the constructual law applied to vascular systems, an evolution parameter E V , defined as the ratio of the global flow conductance of the evolving configuration on the global conductance of the configuration with least imperfection, has been proposed to quantity the evolutionary value of the network configuration with regard to the configuration of least imperfection, as predicted by the constructal law 27 .
The second important point of the constructal theory is that it is presented as a unifying physical concept of organic and inorganic flow systems. As an example, the first line of an article written by Bejan 21 is:
"Why are lungs and river basins 'vascular'?"
According to the constructal theory, the reason is that the type of stress that the water flow exerts on the river bed is similar to the type of stress that the blood flow or the air flow exerts on the vascular network and the bronchial network, respectively 24, 27, 28 . The same laws determine the systems of inanimate and animate flows. Watersheds, lungs and blood vessels exhibit similar patterns because there are submitted to the same physical principle of flow optimization. 
The explanatory value of the constructal theory
We do not question the epistemological status of the constructal law in physics, compared to the first and second principles of thermodynamics, nor the validity of the generalization of the constructal law to universal properties, as Bejan himself claims: "In conclusion, the constructal law is the law of physics of life and evolution everywhere, animate and inanimate, and at all scales, from vascular tissues to celestial bodies." 23 We will limit our discussion to the epistemic significance of the constructal law with regard to vascular tissues. For this purpose, we will compare the application of the constructal theory to watersheds versus vascular networks. The reason of such a comparison is that, as noticed previously, the analogy between circulatory systems and watersheds has already been done, and that Adrian Bejan and other partisans of the constructal theory have also applied it to both types of systems, as an example of its unifying power.
If we take the examples of the hydrological and vascular networks, the constructal theory says that the similarities in the structure of these networks are explained by the fact that their construction responds to the same type of constraints that lead to the overall optimization of the system 24, 27, 28 . In these two cases, the system of constraints seems to shape the network dynamically. Indeed, the hydrological network is gradually formed, as the bronchial network and the vascular network are built during development. However, there is a fundamental difference between the physical principles common to the two classes of networks that explain their structure (global optimization of local constraints), and the mechanisms that build hydrological networks and vasculo-bronchial networks. In the case of the geophysical network of a hydrological system, the system of constraints explaining the functioning of the hydrological network -the form of the network and the characteristics of the flow of water flowing through it -is at the same time the efficient cause of the occurrence of this network. There is therefore an explanatory completeness of the system constituted by the hydrological network and the flow of water which traverses it. The set of constraints formalized within the framework of the constructal theory explains the existence and the evolving structure of this network. It can be said that the system of constraints "creates" the hydrological network. From an experimental point of view, the constructal study of such a network was based not only on the analysis of natural hydrological networks but on networks created in the laboratory by an artificial rain 21 . On the other hand, in the case of biological networks such as vascular and bronchial networks, this same system of constraints, although it explains the functioning of these networks, is not the efficient cause of their existence. The constructal theory can explain the structure of this network, but it does not explain the existence of lungs and, experimentally, the authors did not create a lung in the laboratory by applying a continuous flow of air over an amorphous tissue 24 . In this case, therefore, there is an explanatory incompleteness of the biological circulatory and pulmonary networks (In our comparison of watersheds versus biological networks, we take the example of the lung because the same author has applied the constructal law to river basins 24, 28 , but the argument is similar with vascular networks.)
In a non-living hydrologic system, its evolution, i.e., morphologic change upon time, is due to the dissipation of the energy of the water flow. In biology, evolution of a biological system means something else. Actually, there is an ambiguity in the meaning of evolution and its equivalence between living and non-living systems. In "Life and evolution as physics", A. Bejan discusses the meaning of evolution from its Latin etymology 23 .
However, the meaning of evolution in life science should be inferred from the history of this word and its use in biology. In biology, "evolution" can have two different meanings (i) developmental morphogenesis of an organism, which is its first signification, and (ii) change over generations, its current meaning. Actually, in the middle of the nineteenth century, when Darwin published his book on the origin of species, the term "evolution" did not refer to transformationist theories like Darwin's, but to some kind of developmental process. Darwin himself did not use the word "evolution" in the current meaning of the word in evolutionary biology until the last edition of his book 29, 30 .
If the change upon time of the form of a river basin is equivalent to that of a biological system (for example a bronchoalveolar lung), there is hence an ambiguity in the correspondence: does it correspond to the developmental process of lung morphogenesis in a Mammalian fetus, or the evolutionary process of the emergence of a bronchoalveolar lung from a saccular one? 31 Additionally, phylogenetic evolution is not the progressive transmutation of one pattern into another but, in most of the cases, a branched process during which the initial pattern persists. Actually, Vertebrate animals with saccular lungs still exist, and, moreover, the Mammalian bronchoalveolar lung is not the only structure that has evolved from the primitive saccular one. Birds have tubular lungs which structure is different from both the bronchoalveolar lung and the saccular one.
The difference in the thermodynamic aspects of living and non-living systems can further be explained in regard to the organization of biological vascular systems. The fact that living entities share a specific kind of self-organization, distinct from physical selforganization, has been discussed by philosophers and scientists since I. Kant 32 and C. Bernard 33 to now [34] [35] [36] [37] [38] . Due to this organizational singularity, the processes of morphological "change upon time" in watersheds and those of developmental morphogenesis and evolutionary modifications through generations in a population are not thermodynamically equivalent.
Bejan may agree that biological and non-biological systems differ in the causal processes responsible for their respective "change upon time". But, according to Bejan, the explanatory power of the constructal theory is grounded on the epistemological principle that the aim of science is to seek for unification, not for mechanistic explanation.
"The unifying power of the physics of life and evolution is the whole point -the usefulness -of science itself. This quote from Henri Poincaré says it best: the true and only goal of science is to reveal unity rather than mechanism". 23 However, this epistemological claim regarding the aim of science cannot be generally considered relevant, at least in biological sciences 39 . It may be true that the goal of physics is to subsume each particular case to a general principle (the quest for unity). In this meaning, explanation is the deduction of a particular case from a general law. But this nomological-deductive model of explanation, developed by Hempel 40 , has been shown to fail to account for scientific practice in life science. Causal mechanisms 41 , not unity, are the usefulness of biological sciences [iii] . This does not deny any explanatory value of physical principles like the constructal law. Although the constructal theory cannot explain the existence of lungs or vascular systems, there is no doubt that the structures are optimized due to physical constraints [iv] . In order to minimize the energy dissipation, the systems must be conventional self-similar fractal 42 . A non-optimized vascular network would be very costly, and the first attempt to link the geometry of blood vessels with the energy costs was made by Murray in 1926 34 . To this purpose for the blood flow the Poiseuille's laws were applied whereas the cost was considered as dissipation added to the metabolic rate of energy consumption in blood. This leads to Murray's law that states that minimal dissipation in a bifurcation is reached if the cube of the radius of the mother branch is equal to the sum of the cube of the radii of the daughter branches. In this context the Bejan's constructal theory can be seen as a generalization of these previous approaches 43 .
Mechanistic explanations in biology include physicomathematical models 39 . However, from the biological point of view, the epistemic value of the constructal law is not its unifying power by subsumption of biological processes under a general nomological principle, but, to the contrary, to provide an idealized physicomathematical model of living systems that is embedded in a more general mechanistic explanatory framework. Several explanatory frameworks can be built to respond to specific biological problems (i.e., developmental biology, evolutionary biology, physiopathology), and the explanatory significance of the constructal law will depend on the inclusive explanatory power of the overall framework.
Endnotes
[i] In such an organization, the so-called "closed" vascular system, found in humans and numerous other Metazoans, the vasculature is a closed circuitry composed of arteries, capillaries and veins, isolated from the interstitial medium by the endothelial barrier. However, other Metazoans have an "open" vascular system, in which the circuitry is not closed. The arterial network opens in internal cavities that constitute the so-called haemocoel that bathes the internal tissues. We will limit our discussion to the closed circulatory systems.
[ii] We precise "Mammalian" because other taxons may have different types of lungs and circulatory systems, that have not been analyzed by these publications.
[iii] "Mechanism" may have different meanings in philosophy and the different scientific disciplines, including different meanings in biology, as analyzed by Nicholson 41 . We use it here in the meaning of "the causal explanation of a particular phenomenon (causal mechanism)".
[iv] This does not mean that the notion of optimization based on physical constraints is equivalent to evolutionary optimization, which includes other criteria, such as robustness.
